Ezh2 is a histone methyltransferase that suppresses osteoblast maturation and skeletal development. We evaluated the role of Ezh2 in chondrocyte lineage differentiation and endochondral ossification. Ezh2 was genetically inactivated in the mesenchymal, osteoblastic, and chondrocytic lineages in mice using the Prrx1-Cre, Osx1-Cre, and Col2a1-Cre drivers, respectively. WT and conditional knockout mice were phenotypically assessed by gross morphology, histology, and micro-CT imaging. Ezh2-deficient chondrocytes in micromass culture models were evaluated using RNA-Seq, histologic evaluation, and Western blotting. Aged mice with Ezh2 deficiency were also evaluated for premature development of osteoarthritis using radiographic analysis. Ezh2 deficiency in murine chondrocytes reduced bone density at 4 weeks of age but caused no other gross developmental effects. Knockdown of Ezh2 in chondrocyte micromass cultures resulted in a global reduction in trimethylation of histone 3 lysine 27 (H3K27me3) and altered differentiation in vitro. RNA-Seq analysis revealed enrichment of an osteogenic gene expression profile in Ezh2-deficient chondrocytes. Joint development proceeded normally in the absence of Ezh2 in chondrocytes without inducing excessive hypertrophy or premature osteoarthritis in vivo. In summary, loss of Ezh2 reduced H3K27me3 levels, increased the expression of osteogenic genes in chondrocytes, and resulted in a transient post-natal bone phenotype. Remarkably, Ezh2 activity is dispensable for normal chondrocyte maturation and endochondral ossification in vivo, even though it appears to have a critical role during early stages of mesenchymal lineage commitment.
Ezh2 is a histone methyltransferase that suppresses osteoblast maturation and skeletal development. We evaluated the role of Ezh2 in chondrocyte lineage differentiation and endochondral ossification. Ezh2 was genetically inactivated in the mesenchymal, osteoblastic, and chondrocytic lineages in mice using the Prrx1-Cre, Osx1-Cre, and Col2a1-Cre drivers, respectively. WT and conditional knockout mice were phenotypically assessed by gross morphology, histology, and micro-CT imaging. Ezh2-deficient chondrocytes in micromass culture models were evaluated using RNA-Seq, histologic evaluation, and Western blotting. Aged mice with Ezh2 deficiency were also evaluated for premature development of osteoarthritis using radiographic analysis. Ezh2 deficiency in murine chondrocytes reduced bone density at 4 weeks of age but caused no other gross developmental effects. Knockdown of Ezh2 in chondrocyte micromass cultures resulted in a global reduction in trimethylation of histone 3 lysine 27 (H3K27me3) and altered differentiation in vitro. RNA-Seq analysis revealed enrichment of an osteogenic gene expression profile in Ezh2-deficient chondrocytes. Joint development proceeded normally in the absence of Ezh2 in chondrocytes without inducing excessive hypertrophy or premature osteoarthritis in vivo. In summary, loss of Ezh2 reduced H3K27me3 levels, increased the expression of osteogenic genes in chondrocytes, and resulted in a transient post-natal bone phenotype. Remarkably, Ezh2 activity is dispensable for normal chondrocyte maturation and endochondral ossification in vivo, even though it appears to have a critical role during early stages of mesenchymal lineage commitment.
Epigenetic regulation of gene expression directs and maintains cellular phenotypes. Mechanisms of epigenetic regulation include post-translational modification of histones (e.g. methylation or acetylation), DNA methylation, and both small and long noncoding RNAs. Epigenetic signaling mechanisms are both dynamic and reversible, which makes them attractive targets for therapeutic drug discovery (1) . Many different classes of epigenetic regulators, which include polycomb proteins and histone deacetylases, are required for normal skeletal development and differentiation of bone and cartilage (2-13). Therefore, studies of these proteins may lead to novel pharmacological strategies for the treatment of musculoskeletal disorders and injuries, including osteoporosis, osteoarthritis, scoliosis, and fractures, and would complement current cell-based strategies for musculoskeletal tissue regeneration (3, 14, 15) .
Normal skeletal development requires the direct and coordinated differentiation of mesenchymal progenitor cells. In early skeletogenesis, mesenchymal progenitors may differentiate into chondrocytes and later form bone through endochondral ossification. Alternatively, they may differentiate into osteoblasts directly through the process of intramembranous bone formation. Mechanisms regulating differentiation include the expression of lineage-specific transcription factors (e.g. SOX9 and RUNX2) as well as autocrine or paracrine growth factor signaling (e.g. transforming growth factor ␤ (TGF-␤), bone morphogenic protein (BMP), wingless/integrated (WNT) (16) . Recent studies have also identified epigenetic processes, including histone acetylation and methylation, that contribute to the regulation of differentiation and maturation of mesenchymal progenitors, chondrocytes, and osteoblasts (17) (18) (19) (20) (21) (22) (23) (24) .
The regulation of histone acetylation and methylation states has also been shown to control chondrogenesis (21, (25) (26) (27) cro ARTICLE modulate proliferation, hypertrophy, and Wnt signaling pathways in chondrocytes (8, 21) . Histone methylation at H3 lysine 9 (H3K9) regulates growth plate development and hypertrophic differentiation (28, 29) , whereas inactivation of the histone 3 lysine 27 (H3K27) demethylase enzyme Jmjd3 (Kdm6b) inhibits endochondral bone formation (27) .
Previous studies have identified the histone methyltransferase enzyme enhancer of zeste homolog 2 (EZH2) as an important regulator in bone development and osteoblast differentiation (2, 4, 30) . EZH2 is the catalytic domain of the Polycomb repressive complex 2 (PRC2) and functions to trimethylate H3K27 (H3K27me3), 3 resulting in chromatin compaction to repress gene expression during skeletal development (3, 31, 32) . Global knockout of Ezh2 in mice is embryonic lethal and results in excessive accumulation of mesoderm cells in abnormal embryos (33) . Conditional knockout studies of Ezh2 in the mesenchymal linage using the Prrx1-Cre driver revealed numerous skeletal abnormalities, including shortened limb segments, reduced vertebral height, and premature fusion of the cranial sutures (2, 4, 30) . Similarly, conditional inactivation of Ezh2 in neural crest-derived cartilage modulated Hox gene expression and resulted in craniofacial defects in mice (10) . These studies suggest that Ezh2 inactivation affects both endochondral and intramembranous bone formation. In this study, we conditionally inactivated Ezh2 in chondrocytes using the Col2a1-driven Cre recombinase to further define the role of Ezh2 during endochondral ossification.
Results

Ezh2 inactivation does not lead to skeletal defects in lineagecommitted cells
Our previous work demonstrated that Ezh2 inactivation in mesenchymal progenitors (Prrx1-Cre) leads to skeletal malformations, in part because of reduced growth plate height and epiphyseal area (2) . To evaluate whether Ezh2 deficiency also impacts skeletal development in linage-committed cells, we utilized the cartilage Col2a1-Cre driver and bone Osx1-Cre driver (Fig. 1A) . Histological analysis of the proximal tibia of early adolescent (3-4 weeks of age) animals revealed that Ezh2-cKO OSX and Ezh2-cKO Col2 mice did not exhibit changes in cartilage morphology or growth plate depth compared with the respective WT-Creϩ animals ( Fig. 1, B-D) .
TovalidateEzh2inactivation,H3K27me3andEzh2weremea-sured by IHC in the proximal tibia from post-natal day 1 mice. Ezh2 and H3K27me3 were observed in the resting zone and hypertrophic chondrocytes of Ezh2-WT Col2 mice; however, Ezh2-cKO Col2 animals showed reduced nuclear staining of both H3K27me3 and Ezh2 Fig. 2A) .
The development of mice with cartilage-specific inactivation of Ezh2 was also measured on postnatal day 1 and at 4 weeks and 8 weeks of age. The overall growth, stature, limb length, and weight of cKO Col2 mice were similar to control Ezh2-WT Col2 mice, and no sex-specific differences in these parameters were observed (Fig. 2, B and C) . Together, these results indicate that Ezh2 is not essential for skeletal development in precommitted chondrocytes and osteoblasts compared with uncommitted mesenchymal progenitors.
Bone quality is reduced in Ezh2 cKO Col2 adolescent mice but normalized by adulthood
During the process of endochondral ossification, cartilage forms the framework for ossification by osteoblasts. To evaluate whether Ezh2 inactivation in chondrocytes affects matrix production and mineralization, we evaluated bone parameters in the proximal tibial metaphysis at 4 weeks and 8 weeks as well as L5 vertebrae at 24 weeks of age. At 4 weeks of age, cKO Col2 mice exhibited a 50% reduction in bone volume/tissue volume (BV/TV) compared with control animals, as well as reduced trabecular number (Tb.N) and trabecular thickness (Tb.Th) and increased trabecular spacing (Tb. Sp) (Fig. 3, A and B, and Table S1 ). Interestingly, cancellous bone parameters were not different between WT and cKO Col2 mice at 8 and 24 weeks of age. These data indicate that chondrocyte-specific deletion of Ezh2 reduces bone density in young mice, but this phenotype resolves during adulthood.
Transcriptome profiling of immature mouse chondrocytes shows enhanced osteogenic potential of Ezh2 cKO Col2 animals
To characterize the chondrocyte-specific Ezh2 inactivation, we differentiated immature mouse chondrocytes (IMCs) from WT and cKO Col2 ex vivo for up to 14 days in micromass cultures (Fig. 4A ). On day 3, the recombination event results in a reduction of Ezh2 exon counts, but a more robust loss in exon counts is observed across exons that encode the Ezh2 SET domain Fig.  S1 ). Similar trends were also observed on days 7 and 14 (data not shown). The expression of Ezh2 protein as well as H3K27me3 was reduced in cKO IMC cultures on days 3 and 7 ( Fig. 4B ), further demonstrating inactivation of Ezh2 in chondrocytes. A minor increase in Ezh2 and H3K27me3 levels was observed in hypertrophic chondrocytes (day 14) in cKO IMC cultures that may be attributable to preferential proliferative expansion of cells with nonrecombined Ezh2 alleles. Histological analysis revealed that both cultures formed a hypertrophic chondrocyte-like phenotype, but staining for proteoglycans present in the extracellular matrix was reduced in cKO micromasses compared with those from WT mice Fig. 4C ). Thus, loss of Ezh2 results in changes in the properties of the chondrocyterelated extracellular matrix ex vivo.
We also performed whole-transcriptome analysis of IMC cultures from WT or cKO mice using RNA-Seq to determine the effect of Ezh2 inactivation in chondrocytes. Unsupervised hierarchical clustering analysis of genes expressed in any of the samples (19,641 of 23,359 genes) revealed distinct clustering of samples according to time point, where day 14 samples form a distinct outgroup (Fig. 4D ). In particular, IMC cultures from both genotypes differentiated toward the hypertrophic chondrocyte phenotype as indicated by down-regulation of the extracellular matrix proteins Col2a1 and Acan and the transcription factor Sox9 (Fig. 4E) . Conversely, the hypertrophyassociated extracellular matrix proteins Col10a1 and Vegfa 
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were up-regulated on day 14 ( Fig. 4E ). Gene expression showed strong concordance between RNA-Seq and real-time quantitative PCR (Fig. 4 , E and F).
To further understand the transcriptional effects of Ezh2 inactivation, we performed differential gene expression analysis (Ͼ0.1 RPKM in cKO groups) between WT and cKO IMC cultures at each time point and observed 57 genes that were commonly up-regulated Ͼ1.4-fold in cKO compared with WT IMC cultures (Fig. 5A) . These genes included osteogenic extracellular matrix proteins such as Ibsp, Bglap, and Wnt16 as well as Cyp27b1, Ebf2, and Otor (Fig. 5B) .
Functional gene annotation clustering using DAVID 6.7 (Ͼ0.1 RPKM expression of WT or cKO at each time point) shows that, in day 3 IMC cultures, Ezh2 inactivation led to the enrichment of functional categories, including "signal," "extracellular matrix," and "growth factor" (Table S2 ). Similar functional categories were also observed on day 7 of culture; however the "bone development" gene cluster was also notably Lineage-specific conditional inactivation of Ezh2 using the mesenchymal progenitor driver Prrx1-Cre, the osteoprogenitor driver Osx1-Cre, and the chondroprogenitor driver Col2a1-Cre was performed. B, Alcian blue/eosin analysis of proximal tibiae from WT and cKO mice at adolescence. C, average depth, growth plate depth, and hypertrophic zone depths within the growth plate were determined using ImageJ software. D, comparison of epiphysis and growth plate depth in WT and cKO animals. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
enriched in cKO IMCs. Furthermore, Ezh2 inactivation led to the enrichment of a number of osteogenic functional categories on day 14, including "regulation of ossification," "calcium signaling pathway," "skeletal system development," and "bone development" Table S2) .
Functional annotation analysis suggests that Ezh2 inactivation enhances ossification; therefore, we re-evaluated the RNASeq results using a curated list of 93 genes that are relevant to skeletal development to determine whether osteogenesis was enhanced in cKO IMCs. Hierarchical clustering of this curated skeletal gene list revealed that day 3 IMC cultures expressed a distinct chondrogenic gene cluster that was down-regulated over time (Fig. 6A) . Conversely, an osteogenic gene cluster including Sp7(Osx), Runx2, Ibsp, and Bglap was up-regulated in day 14 samples and had the greatest relative expression in cKO IMC cultures (Fig. 6A) . Several osteogenic genes were A, immunohistochemical analysis of H3K27me3 and Ezh2 abundance in proximal tibiae from post-natal day 1 WT and cKO Col2 mice. B, Alcian blue/alizarin red whole-mount staining did not reveal growth abnormalities in post-natal day 1 mice (left panels), and radiographic analysis was similar between WT and cKO Col2 mice at 4 weeks (center panels) and 8 weeks of age (right panels). C, body weight was used as an indicator for altered growth. On post-natal day 1, adolescence, and adulthood, the body weights were similar between genotypes.
expressed at 2-fold higher levels in cKO compared with WT IMC cultures on day 14 (Fig. 6B) . As an important regulator of osteogenic differentiation, we evaluated whether the transcription factor Sp7(Osx) was also up-regulated at the protein level. Sp7(Osx) was present at higher levels in cKO IMC cultures compared with the WT on day 7 and furthermore at day 14 (Fig.  6C) . Together, these data demonstrate that Col2a1-specific deletion of Ezh2 enhances the expression of osteogenic genes within the cartilage tissue.
Ezh2 inactivation does not promote ossification of cartilage in vivo
Because Ezh2 inactivation lead to enhanced expression of osteogenic factors in vitro, we screened 6-month-old WT and cKO mice for early bony changes that are seen in early osteoarthritis. Radiographic analysis of WT and cKO mice did not show evidence of abnormalities consistent with early osteoarthritic change (Fig. 2) . In addition, micro-CT analysis of the knee joint of WT and cKO mice did not reveal the presence of osteophytes or irregularities within the subchondral bone that would be expected with bony osteoarthritic change (Fig. 6D) . These results suggest that Ezh2 loss in Col2a1-expressing cells does not promote cartilage mineralization and formation of hypertrophic chondrocytes.
Discussion
The results of this investigation, in which Ezh2 was knocked down using the Col2a1 driver, demonstrate that Ezh2 deficiency leads to a global reduction in H3K27me3 in chondrocytes. This decrease in H3K27me3 does not appear to impact normal skeletal development or impair the protective function of mature articular cartilage compared with Ezh2 inactivation in mesenchymal progenitor cells. Notably, transcriptome analysis of in vitro IMC cultures derived from WT and cKO mice shows that chondrocytes with Ezh2 knockdown display enhanced osteogenesis. This program is characterized by increased expression of bone-related genes, including the transcription factors Sp7(Osx), extracellular matrix genes, including Ibsp and Bglap, and signaling factors such as Bmp2 and Wnt16. This study suggests that H3K27me3 mediated by Ezh2 has only minimal impact and appears to be dispensable for chondrogenic differentiation. Our study also provides evidence for Ezh2 as an important factor in regulating osteogenic differentiation of chondrocytes.
Ezh2 is critical for early embryonic development (32, 33). However, mice are able to survive to adulthood when Ezh2 is inactivated in mesenchymal progenitors using the Prrx1-Cre driver (2, 4, 30) . Although viable, these mice exhibit significant skeletal developmental abnormalities, including short stature and limb segments, premature closure of the cranial sutures, and clinodactyly, findings reminiscent of Weaver syndrome in humans (34) . Interestingly, loss of Ezh2 in osteoblasts results in normal-looking animals that exhibit a low bone mass phenotype (35) . Our findings that loss of Ezh2 activity in the chondrocyte linage does not lead to alterations in skeletal development indicates that previous observations of skeletal abnormalities are the result of Ezh2 effects on mesenchymal progenitor cells and skeletal patterning (2, 4, 30) .
While this study was in progress, Lui et al. (36) published a study of the phenotype of mice with dual inactivation of Ezh1 and Ezh2 in chondrocytes. The chondrocyte-specific loss of Ezh2 alone was not specifically reported (36) , but the dual knockout mice exhibit significant growth retardation. However, the data presented by Lui et al. (36) indicates that Ezh1 and Ezh2 may potentially compensate for each other during skeletal development. The skeletal role of Eed, a member of the PRC2 complex that is required for Ezh1 or Ezh2 activity, was also recently evaluated (31) . Inactivation of this scaffolding protein produced severe skeletal deformities, including kyphosis, short stature, and an increase in hypertrophic chondrocyte differentiation. These changes were similar but distinctly different from the changes observed in the dual Ezh1/Ezh2 knockout mice (36) . In the context of our work, these studies indicate that Ezh1 and Ezh2 have redundant functionality within chondrocytes and may compensate, at least partially for the loss of each other.
Ezh1 and Ezh2 have been shown previously to regulate H3K27 methylation and chromatin compaction by different mechanisms (37) . Specifically, the histone methyltransferase activity of Ezh1 was found to be 20-fold weaker compared with Th measured in the proximal tibial metaphysis were lower in Ezh2-deficient mice at 4 weeks of age (n ϭ 3/group), although, upon skeletal maturity (8 weeks), no differences were observed (n ϭ 3/group). Further, these parameters were also unchanged at 24 weeks of age when measured in the lumbar vertebrae (WT, n ϭ 3; cKO, n ϭ 4). *, p Ͻ 0.05.
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Ezh2. However, Ezh1 was more potent than Ezh2 in compacting chromatin independent of histone methylation. Despite mechanistic differences in chromatin regulation, Ezh1 was shown to regulate a subset of Ezh2 target genes, reinforcing the idea that these proteins may potentially compensate for each other. In addition to mechanism-related differences, Ezh1 and Ezh2 may be expressed at different stages of mesenchymal differentiation (2, 19) . Previous studies suggest that Ezh2 is expressed in pro- IMCs on day 3, day 7, and day 14 of culture. Gene expression data were filtered to exclude genes that were not expressed in any of the samples (0 RPKM, 19,641 of 23,359 genes were visualized). Hierarchical clustering of the filtered RNA-Seq identified three clusters that grouped together WT and cKO Col2 samples taken at similar time points, indicating that the majority of expressed genes were similar between samples. E, chondrogenic genes associated with immature and proliferating chondrocytes (Col2a1, Acan, and Sox9) are highly expressed on day 3, whereas the hypertrophic markers Col10a1 and Vegfa are up-regulated on day 14. F, validation of RNA-Seq data shows good concordance with quantitative PCR.
liferating uncommitted mesenchymal stem cells, whereas Ezh1 may be more important for post-proliferative lineage-committed cells. Although these proteins are partially redundant, it appears that Ezh1 and Ezh2 differ in spatio-temporal expression and may have different mechanistic activities during mesenchymal differentiation and skeletal development.
In this study, in vivo immunohistochemical staining resulted in a modest reduction of Ezh2 protein but a more robust depletion of its enzymatic target H3K27me3. It is possible that chondrocytes that express one or both copies of the Ezh2 WT allele have a selective growth advantage. The discrepancy between modest Ezh2 loss and more robust H3K27me3 loss suggests that the residual Ezh2 protein may lack enzymatic activity. Indeed, we have shown recently that recombinase activity with this Ezh2 conditional model results in the production of the truncated mRNA and protein (35) . In this study, we also provide evidence indicating that the truncated Ezh2 mRNA is detectable after recombination. Thus, although Ezh2 protein is detected by immunohistochemical staining in vivo, it is anticipated that a portion of this protein lacks enzymatic activity. Thus, the cumulative effects of Ezh2 protein loss and the presence of the enzymatically inactive Ezh2 may account for a significant loss of H3K27me3 within chondrocytes.
In our study, modification of Ezh2's enzymatic function through genetic inactivation resulted in reduced H3K27me3 in chondrocytes, but the expression of chondrogenic genes was unchanged. A previous study utilizing the Ezh2 inhibitor UNC1999 to treat chondrocytes in vitro observed a slight reduction in hypertrophic cell size and decreased expression of the hypertrophic markers Col10a1 and Ihh (36) . We also observed reduced Col10a1 and Ihh (data not shown) in IMC cultures, although the impact of these changes in vivo appears to be minimal. Conversely, global knockout of the H3K27me3 demethylase Jmjd3(Kdm6b) severely impaired the proliferation and differentiation of chondrocytes, resulting in reduced endochondral ossification (27) . Collectively, these data suggest that Ezh2 is dispensable for chondrocyte differentiation, including early hypertrophic differentiation during endochondral ossification.
Chondrocytes deficient in Ezh2 exhibit enhanced expression of osteogenic genes in vitro, including Bmp2, Ibsp, Sp7(Osx), and others. Our results support previous observations in which siRNA or pharmacological inactivation of Ezh2 accelerates osteogenic differentiation of human mesenchymal stromal cells and mouse preosteoblast cells (2, 3, 22, 31, 38, 39) . Furthermore, a pharmacological inhibitor of Ezh2 in vivo was also found to prevent bone loss in estrogen deficiency models (3, 39, 40) . Although Fang et al. (40) have proposed that loss of Ezh2 activity leads to inhibition of osteoclastogenesis, our results also support a direct bone anabolic mechanism for Ezh2 inhibition (3). Thus, Ezh2 inhibitors may be effective therapeutic agents for osteoporosis treatment via dual mechanisms: enhancement of bone anabolic activity and inhibition of bone resorption.
Even though enhanced osteogenic potential of chondrocytes was observed in vitro in this study, this biological effect did not result in early-onset osteoarthritis in Ezh2 KO mice. Consistent with these findings, Chen et al. (41) observed that EZH2 expression is increased in human osteoarthritis and up-regulated in response to inflammation (interleukin 1␤). In addition, they also evaluated the Ezh2 inhibitor EPZ005687 as a therapeutic agent for treating cartilage degeneration and observed delayed osteoarthritis development in vivo. These results are encouraging and warrant further investigation of the specific role of Ezh2 in the development of osteoarthritis (41) .
In summary, Ezh2 regulates H3K27me3 in chondrocytes, and its cartilage-specific inactivation does not lead to skeletal defects observed in early mesenchymal progenitors. Furthermore, Ezh2 deficiency does not modulate the expression of chondrogenic genes in vitro. However, in both the chondrogenic and osteogenic lineages, we found that Ezh2 inactivation promotes an osteogenic gene expression program. Thus, Ezh2 may normally function to suppress the bone phenotype in distinct mesenchymal lineages. ; Osx1-Creϩ) animals. The following primers were used for genotyping: Ezh2, TGTCATGT-CTGGGTCTAATGCTAC (forward) and GGAACCTCGCT-ATGTGTAACCA (reverse); Col2a1-Cre, CCAATTTACTGA-CCGTACACCAA (forward) and CCTGATCCTGGCAAT-TTCGGCTA (reverse). Prrx1-Cre and Osx1-Cre mice were genotyped as described previously (2, 21) .
Isolation and culture of immature mouse chondrocytes
Primary IMCs were isolated from post-natal day 5 mice as described previously by Gosset et al. (45) . Freshly isolated IMCs were resuspended at a concentration of 2 ϫ 10 7 cells/ml in growth medium (Dulbecco's modified Eagle's medium with 2% fetal bovine serum and 1% anti-mycotic/antibiotic) and plated in micromass culture by pipetting 10 l of cell suspension onto a low-adhesion tissue culture dish with up to 3 micromasses/ dish. Micromasses formed by incubation for 1 h at 37°C and 5% CO 2 , after which growth medium was carefully added and left undisturbed for 3 days. Following micromass formation, the growth medium was replaced with differentiation medium (growth medium with 1ϫ insulin-transferrin-selenium solution (Life Technologies), 0.05 mg/ml ascorbic acid, and 10 mM ␤-glycerol phosphate) on day 3 of culture, and the differentiation medium was replaced every 3-4 days.
Radiographic and micro-CT analysis
Radiographic analysis was performed using a Faxitron X-ray imaging cabinet (Faxitron Bioptics, Tucson, AZ). Quantitative analysis of the spine was performed using a vivaCT 40 scanner (SCANCO Medical AG) with the following parameters: E ϭ 55 kVp, I ϭ 145 A, integration time ϭ 300 ms (where E ϭ energy, kVp ϭ kilovoltage peak, and I ϭ intensity). A 10.5-m voxel size using a threshold of 220 was applied to all scans at high resolution. Two-dimensional data from scanned slices were used for 3D analysis of morphometric parameters of trabecular bone mass and microarchitecture, including BV/TV, Tb.N, Tb.Th, Tb.Sp, and the structure model index (SMI), an indicator of plate-like versus rod-like trabecular architecture.
Morphological and histology analysis
Whole-mount staining of skeletal preparations was performed as described previously (2) . For histological analyses, mice were sacrificed either on post-natal day 1, 3, 4, or 8 or at 24 weeks of age, and the right hind limb was fixed in 10% neutral buffered formalin, decalcified with 15% EDTA, and embedded in paraffin. Micromass cultures were also fixed with 10% neutral buffered formalin before dehydration and paraffin embedding. Serial sections were taken at 5-m thickness and stained with hematoxylin and eosin, Alcian blue/eosin, or Safranin O/fast green/hematoxylin.
Immunohistochemical staining
The right hind limbs or tibiae from mice on post-natal day 1, 4, or 8 or from 24-week-old mice were prepared as described above. IHC was performed on serial sections of 5-m thickness using the Mouse-and Rabbit-Specific HRP (ABC) Detection IHC Kit (Abcam) and the DAB Enhanced Liquid Substrate System (Sigma-Aldrich) according to the instruction manuals. The primary antibodies used were Ezh2 (1:50, 07-689, Millipore), H3K27me3 (1:150, 17-622, Millipore), and rabbit isotype control (rabbit IgG, 1:50, AB-150-C, R&D Systems). Slides were counterstained with Alcian blue.
RNA isolation, reverse transcription, and real-time quantitative PCR
IMC cultures were harvested on days 3, 7, and 14 for RNA analysis. Briefly, micromasses were washed with PBS to remove medium and mechanically disrupted with a scalpel, and then 700 l of QIAzol was added to lyse cells. Total RNA was extracted using the miRNeasy MicroKit (Qiagen), and 1 g of RNA was used as template for reverse transcription reactions. The Superscript III First Strand Synthesis System (Life Technologies) was used to convert RNA to complementary DNA. Real-time PCR reactions were composed of 10 ng of complementary DNA, gene-specific primers (Table S3) , and 1ϫ QuantiTect SYBR Green PCR Master Mix (Qiagen) with a final volume of 10 l and detected using the CFX384 real time system machine (Bio-Rad). Relative transcript abundance of genes of interest was normalized to AKT1 expression using the 2 Ϫ⌬⌬Ct method.
Western blotting
Total protein was harvested from IMC cultures on days 3, 7, and 14 of culture. Micromasses were washed with PBS, mechanically disrupted with a scalpel in the presence of radioimmunoprecipitation buffer (150 mM NaCl, 50 mM Tris (pH 7.4), 1% w/v sodium deoxycholate, 0.1% w/v SDS, and 1% v/v Triton X-100) supplemented with protease inhibitor mixture (Sigma) and phenylmethylsulfonyl fluoride (Sigma) and stored at Ϫ80°C until quantification. Protein content was quantified using the DC TM protein assay (Bio-Rad) according to the manufacturer's protocol. Western blotting and membrane development were performed as described previously (2) , and the following primary antibodies were used to detect proteins: Ezh2 (1:10,000, 5848, Cell Signaling Technology), H3K27me3 (1:5000, 17-622, Millipore), SP7 (1:1000, ab22552, Abcam), and tubulin (1:10,000, E7, Developmental Studies Hybridoma Bank (DSHB), University of Iowa).
RNA-Seq and bioinformatics analysis
Whole-transcriptome sequencing and bioinformatics analyses were performed as described previously (46) . The TruSeq RNA sample Prep Kit v2 (Illumina) was used to prepare RNA samples, and then samples were analyzed using the Illumina HiSeq 2000 with the TruSeq SBS sequencing kit version 3 and HCS v2.0.12 data collection software. Following data collection, Ezh2 knockout in cartilage sequence data were processed using MAPRSeq (v.1.2.1) and the bioinformatics workflow (TopHat 2.0.6, HTSeq, and edgeR 2.6.2), where expression data were normalized using the reads per kilobase per million (RPKM) method.
Hierarchical clustering was performed using GENE-E (version 3.0.228, Broad Institute, Cambridge, MA), and DAVID Bioinformatics Resources 6.7 (http://david.abcc.ncifcrf.gov) was used to perform gene functional annotation analysis (47, 49) .
Image quantitation
Images were digitally photographed using the AxioVert A1 (Zeiss) and Zen software packages (Zeiss). Growth plate depth was evaluated using National Institutes of Health ImageJ software (48) .
Statistical analysis
Data obtained are presented as the mean Ϯ S.D. Statistical analysis was performed using JMP Pro v10.0.0 (SAS Institute), and p values were determined with the nonparametric Wilcoxon test. Significance is noted in the figures when applicable (*, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001). 
